Biological and prognostic impact of apobec-induced mutations in the spectrum of plasma cell dyscrasias by Maura, Francesco et al.
mutations in minor cell populations during the course of CLL
evolution.
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Biological and prognostic impact of APOBEC-induced
mutations in the spectrum of plasma cell dyscrasias and
multiple myeloma cell lines
Leukemia (2018) 32, 1043–1047; doi:10.1038/leu.2017.345
Tumors are characterized by variable numbers of somatic variants
that have accumulated during the life history of the cancer cell as
a result of abnormal DNA replication and/or DNA repair processes.
The classification of such variants into six types based on the
nucleotide change was used in the past to differentiate the crude
mutation pattern of different cancers.1 Recently, the 5′- and 3′-
context of each substitution was included in such analyses,
expanding the combinations to 96 possible mutation types. This
trinucleotide mutational model represents the combined effect of
several mutational signatures, and has enough resolution to allow
deconvolution of the underlying mutational processes through
the non-negative matrix factorization (NNMF) algorithm.2 To date,
more than 30 distinct signatures have been identified, opening
the field to the investigation of the biological processes
responsible for shaping the genome of cancer, and allowing a
deeper understanding of their relative contribution in different
cancer types.2,3
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In multiple myeloma (MM), two independent whole-exome
sequencing (WES) studies have revealed four mutational signa-
tures. Two are associated with aberrant activity of APOBEC
cytidine deaminases (signatures #2 and #13). The other two
reflect processes generating mutations at a steady rate, resulting
in a mutation load that is often proportional to the cancer age at
the time of sampling: these processes are highlighted by signature
#1, arising from spontaneous deamination of methylated cyto-
sines, and by signature #5, a less-understood process that exhibits
transcriptional strand bias.3–5 Mutational signatures have not been
investigated in other primary plasma cell dyscrasias such as
monoclonal gammopathy of unknown significance (MGUS) or
primary plasma cell leukemia (pPCL). Furthermore, human
myeloma cell lines (HMCLs) bear a genomic profile that is only
partially recapitulating their primary counterparts,6 and mutational
signatures have never been studied in that context. Finally, while
APOBEC activity has been correlated to increased mutational
burden and poor-prognosis MAF/MAFB translocations in MM at
diagnosis5, this has never been confirmed in multivariate analysis
in an independent large series.
To answer these questions, we mined two large public MM WES
data sets4,7 that included six MGUS/Smoldering MM and 255 MM,
to which we added 896 MM samples from the IA9 public release of
the CoMMpass trial. The CoMMpass data were generated as part
of the Multiple Myeloma Research Foundation Personalized
Medicine Initiatives (https://research.themmrf.org and www.
themmrf.org). Furthermore, we included matched WES data from
five previously published pPCL patients.8 Finally, we used
WES mutational catalogs from 18 HMCLs available from the
COSMIC cell-line project (v81, http://cancer.sanger.ac.uk/cell_lines;
Supplementary Table 1). Extraction of mutational signatures was
performed using the NNMF algorithm across cumulative catalogs
of coding and non-coding mutations as previously described2,3
(Supplementary Materials and Methods).
We analyzed 203 917 mutations from 1162 whole exomes of
primary plasma cell dyscrasias and 18 HMCLs. The global mutation
burden increased linearly from MGUS to MM and pPCL. HMCLs
showed the highest burden overall, but likely included many
residual germline variants despite extensive filtering of these
unmatched samples (Supplementary Figure 1). In all three studies,
the mutational load of MM was quite heterogeneous, with a
minority of hypermutated samples (Figure 1a).
NNMF extracted four signatures in the whole cohort pertaining
to three distinct mutational processes:2,3 two are the age-related
signatures #1 and #5, and the third process is represented by
aberrant APOBEC activity3 (Figures 1a and b). While the activity of
age-related processes was more prominent in the cohort as a
whole (median 70%, range 0–100%), APOBEC showed a hetero-
geneous contribution (Figures 1a and b). The absolute contribu-
tion of APOBEC activity to the mutational repertoire correlated
with the overall number of mutations (r= 0.71, P=o0.0001;
Supplementary Figure 2). As previously described, APOBEC
contribution was significantly enriched among MM patients with
t(14;16) and with t(14;20) (Po0.001; Supplementary Figure 3 and
Supplementary Table 2).5 However, even after subgrouping
patients by main cytogenetic aberrations, the association between
absolute APOBEC contribution and mutational load remained
significant across all main subgroups (Supplementary Figure 2). In
the MGUS/SMM series the APOBEC contribution was generally
low, but the limited number of mutations and the supposedly low
sample purity did not allow any further statistical investigation
(Supplementary Figure 4). Among the pPCL cohort, APOBEC
activity was preponderant in three out of five samples, all of them
characterized by the t(14;16)(IGH/MAF); in the remaining two
cases, the absolute number of APOBEC mutations was similar to
that in MM (Supplementary Figure 5).
In HMCLs, unsupervised clustering based on APOBEC activity
highlighted two distinct subgroups: one highly enriched in
APOBEC activity (cluster A); and one with a virtually absent
APOBEC activity (cluster B; Figure 1c, Supplementary Figure 6 and
Supplementary Material and Methods). Interestingly, in cluster A
we observed an enrichment of MAF/MAFB translocations (6/8) as
compared to cluster B (1/10), and this partially explains the higher
activity of APOBEC in the former. However, APOBEC activity was
still variable even within cluster A, and its relative contribution was
not enriched in MAF/MAFB translocated samples as compared to
the other samples in the same cluster A (Figures 1c and d and
Supplementary Figure 6). Cluster B was instead devoid of APOBEC
activity. While some cell lines in this cluster (MC-CAR, IM-9 and
ARH-77) are annotated as MM but were found to be compatible
with Epstein–Barr virus-transformed lymphoblastoid cells instead
(Supplementary Table 1),9,10 others are of clear MM or PCL origin,
thus underscoring the genomic diversity of HMCLs. Overall, the
APOBEC contribution was characterized by a progressive incre-
ment from MGUS/SMM to MM and pPCL and ‘cluster A’ HMCLs
(Figures 1e and f).
We next investigated the prognostic impact of APOBEC
signatures at diagnosis using prospective data from the CoMM-
pass study (median follow-up 435 days (30–1421)). Patients with
an absolute APOBEC contribution in the fourth quartile had
shorter 2-year progression-free survival (PFS; 47% vs 66%,
Po0.0001) and 2-year overall survival (OS; 70% vs 85%,
P= 0.0033) than patients in in the first–third quartiles (Figures 2a
and b). As APOBEC contribution correlates with higher mutational
burden and MAF/MAFB translocations, two known poor
prognostic factors in MM5,11–13 we performed a multivariate
analysis with Cox regression to assess the independent prognostic
value of APOBEC activity against these and other prognostic
factors such as the International Staging System (ISS)14 and type
of treatment (Figure 2c and d, Supplementary Figure 7 and
Supplementary Table 3). In this model, variables such as IGH
translocations and overall mutational load did not show any
independent prognostic significance. Conversely, ISS stage III, as
expected, had the highest hazard ratio (HR) and significance as
independent prognostic factor for both PFS and OS. Remarkably,
fourth quartile APOBEC had an independent adverse prognostic
effect of significant magnitude (PFS HR 2.02, P= 0.02, OS HR 2.78,
P= 0.02; Figures 2c and d and Supplementary Table 3). Despite
MAF/MAFB/MAFA translocations being associated with high
APOBEC activity,5 such cases accounted for just 23% of patients
included in the fourth APOBEC quartile. The remainder of
APOBEC-high patients did not carry MAF/MAFB/MAFA transloca-
tions nor overexpression of these genes (Supplementary Figure 8
and Supplementary Table 4). Conversely, they were characterized
by a higher APOBEC (particularly APOBEC3B) gene expression
compared to other quartiles (Supplementary Figure 9 and
Supplementary Table 5).5 We went on to combine fourth quartile
APOBEC activity with ISS stage III in a two-variable prognostic
score, and we found that co-occurrence of these two factors
identifies a fraction of high-risk patients with 2-year OS of 53.8%
(95% confidence interval (CI) 36.6–79%), while their simultaneous
absence identifies long-term survivors with 2-year OS of 93.3%
(95% CI 89.6–97.2%; Supplementary Figures 10a and b). This was
partially explained by a higher proportion of primary refractory
cases among patients carrying both risk factors (Supplementary
Figures 10c and d).
In this study, we provided a global overview on the contribution
of mutational processes in the largest WES series of plasma cell
dyscrasias, from MGUS to MM to pPCL, investigated to date by
NNMF. Contrary to what anticipated, we did not identify additional
signatures compared to smaller data sets.4,5,7 Our data never-
theless suggest that the relative contribution of APOBEC activity
may increase during progression through the different phases of
MM evolution. Further studies will be necessary to confirm these
findings. In primary samples, APOBEC activity showed a con-
tinuum of increased contribution that correlated with the overall
Letters to the Editor
1044
Leukemia (2018) 1034 – 1051 © 2018 Macmillan Publishers Limited, part of Springer Nature.
Figure 1. APOBEC contribution in plasma cell dyscrasias. (a, b) Barplot of absolute (a) and relative (b) contribution of mutational signatures on
three different MM WES series. (c, d) Extraction of mutational signature from 18 HMCLs: (c) unsupervised hierarchical clustering, showing two
main clusters A and B characterized by different APOBEC contribution. (d) Barplot representing the absolute APOBEC contribution to the
mutational load when NNMF was applied considering clusters A and B as independent series. Asterisks (*) highlight cell lines with ‘canonical’
t(14;16) translocations (IGH/MAF). The template (§) and hash (#) signs mark cell lines carrying alternative MAF/MAFB rearrangements among
clusters A and B, respectively. (e, f) Boxplot showing the progressive increase of the APOBEC absolute (e) and relative (f) mutation load from
MGUS to Cluster A HMCLs.
Letters to the Editor
1045
© 2018 Macmillan Publishers Limited, part of Springer Nature. Leukemia (2018) 1034 – 1051
mutational burden. In HMCLs instead, we found a clear-cut
distinction between a cluster that had a much higher APOBEC
contribution as compared to primary samples, and a second
cluster where APOBEC activity was minimal or absent. Further-
more, in HMCLs the correlation with mutational burden was
apparently lost. This observation is independent from the high
number of likely residual germline variants observed in cell lines,
as such variants are enriched for age-related signatures, while
APOBEC mutations are typically of somatic nature.15 Furthermore,
both in primary MM and HMCLs, the presence of MAF/MAFB/MAFA
translocations explained some but not all cases with high APOBEC
activity, suggesting other factors may modulate this aberrant
Figure 2. Prognostic role of APOBEC mutations. (a, b) Kaplan–Meier estimated curves of PFS (a) and OS (b) according to APOBEC mutational
activity in all patients from the CoMMpass study. (c, d) Forest plot summarizing the results of multivariate analysis for PFS (c) and OS (d).
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process. Clearly, the low number of HMCLs and their poor
annotation represent a potential confounding factor. Never-
theless, our data underscore the heterogeneity of HMCLs and
prompt for comprehensive studies where the signature profile of
cell lines is compared to that of the primary disease.6
It was shown before that a high fraction of APOBEC mutations is
associated with adverse prognosis.5 Our findings nevertheless add
relevant clinical information. In fact, high APOBEC activity
emerged as one of the strongest and independent adverse
prognostic factors in MM. Furthermore, combination of APOBEC
activity and ISS showed an additive effect on survival that was
already evident with a short follow-up, likely due to resistance or
early relapse following initial response.
This suggests that analysis of APOBEC activity at diagnosis can
help identify a small fraction of high-risk patients that could
benefit from more effective treatments. We propose that cases
with high APOBEC activity may represent a novel prognostic
subgroup that is transversal to conventional cytogenetic classifi-
cation, advocating for closer integration of next-generation
sequencing studies and clinical annotation to confirm this finding
in independent series.
CONFLICT OF INTEREST
The authors declare no conflict of interest.
ACKNOWLEDGEMENTS
FM is supported by AIL (Associazione Italiana Contro le Leucemie-Linfomi e Mieloma
ONLUS) and by SIES (Società Italiana di Ematologia Sperimentale). NB and AN are
funded by AIRC (Associazione Italiana per la Ricerca sul Cancro) through a MFAG (no.
17658) and an IG (no. 16722), respectively.
AUTHOR CONTRIBUTIONS
FM and NB designed the study, collected and analyzed the data, and wrote the
paper; MP collected and analyzed the data and wrote the paper; ML, IC, WL, EP,
LBA, AF, IM, KJD, NA, GC, MKS, RS, JZ, PT, HD, PC, KCA, SM, AN, HAV, JK, PJC and
NCM collected and analyzed the data.
F Maura1,2, M Petljak2, M Lionetti1,3, I Cifola4, W Liang5, E Pinatel4,
LB Alexandrov6,7,8, A Fullam2, I Martincorena2, KJ Dawson2,
N Angelopoulos2, MK Samur9, R Szalat9, J Zamora2, P Tarpey2,
H Davies2, P Corradini1,10, KC Anderson9, S Minvielle11, A Neri1,3,
H Avet-Loiseau12, J Keats5, PJ Campbell2, NC Munshi9,13 and
N Bolli1,2,10
1Department of Oncology and Hemato-Oncology, University of
Milan, Milan, Italy;
2Cancer Genome Project, Wellcome Trust Sanger Institute, Hinxton,
UK;
3Hematology, Foundation IRCCS Ca’ Granda Ospedale Maggiore
Policlinico, Milan, Italy;
4Institute for Biomedical Technologies, National Research Council,
Milan, Italy;
5Integrated Cancer Genomics Division, Translational Genomics
Research Institute, Phoenix, AZ, USA;
6Department of Cellular and Molecular Medicine, University of
California, San Diego, La Jolla, CA, USA;
7Department of Bioengineering, University of California, San Diego,
La Jolla, CA, USA;
8Moores Cancer Center, University of California, San Diego, La Jolla,
CA, USA;
9Jerome Lipper Multiple Myeloma Center, Dana-Farber Cancer
Institute, Harvard Medical School, Boston, MA, USA;
10Department of Oncology and Hematology, Fondazione IRCCS
Istituto Nazionale dei Tumori, Milan, Italy;
11CRCINA, INSERM, CNRS, Université d’Angers, Université de Nantes,
Nantes, France and CHU de Nantes, Nantes, France;
12Genomics of Myeloma Laboratory, L’Institut Universitaire du
Cancer Oncopole, Toulouse, France and
13Boston Veterans Administration Healthcare System, West Roxbury,
MA, USA
E-mail: niccolo.bolli@unimi.it
REFERENCES
1 Greenman C, Stephens P, Smith R, Dalgliesh GL, Hunter C, Bignell G et al.
Patterns of somatic mutation in human cancer genomes. Nature 2007; 446:
153–158.
2 Alexandrov LB, Nik-Zainal S, Wedge DC, Campbell PJ, Stratton MR. Deciphering
signatures of mutational processes operative in human cancer. Cell Rep 2013; 3:
246–259.
3 Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin AV et al.
Signatures of mutational processes in human cancer. Nature 2013; 500: 415–421.
4 Bolli N, Avet-Loiseau H, Wedge DC, Van Loo P, Alexandrov LB, Martincorena I et al.
Heterogeneity of genomic evolution and mutational profiles in multiple myeloma.
Nat Commun 2014; 5: 2997.
5 Walker BA, Wardell CP, Murison A, Boyle EM, Begum DB, Dahir NM et al. APOBEC
family mutational signatures are associated with poor prognosis translocations in
multiple myeloma. Nat Commun 2015; 6: 6997.
6 Bolli N, Li Y, Sathiaseelan V, Raine K, Jones D, Ganly P et al. A DNA target-
enrichment approach to detect mutations, copy number changes and
immunoglobulin translocations in multiple myeloma. Blood Cancer J 2016;
6: e467.
7 Lohr JG, Stojanov P, Carter SL, Cruz-Gordillo P, Lawrence MS, Auclair D et al.
Widespread genetic heterogeneity in multiple myeloma: implications for targeted
therapy. Cancer Cell 2014; 25: 91–101.
8 Cifola I, Lionetti M, Pinatel E, Todoerti K, Mangano E, Pietrelli A et al. Whole-exome
sequencing of primary plasma cell leukemia discloses heterogeneous mutational
patterns. Oncotarget 2015; 6: 17543–17558.
9 Lombardi L, Poretti G, Mattioli M, Fabris S, Agnelli L, Bicciato S et al. Molecular
characterization of human multiple myeloma cell lines by integrative genomics:
insights into the biology of the disease. Genes Chromosomes Cancer 2007; 46:
226–238.
10 Pellat-Deceunynk C, Amiot M, Bataille R, Van Riet I, Van Camp B, Omede P et al.
Human myeloma cell lines as a tool for studying the biology of multiple myeloma:
a reappraisal 18 years after. Blood 1995; 86: 4001–4002.
11 Corre J, Munshi N, Avet-Loiseau H. Genetics of multiple myeloma: another
heterogeneity level? Blood 2015; 125: 1870–1876.
12 Manier S, Salem KZ, Park J, Landau DA, Getz G, Ghobrial IM. Genomic complexity
of multiple myeloma and its clinical implications. Nat Rev Clin Oncol 2017; 14:
100–113.
13 Morgan GJ, Walker BA, Davies FE. The genetic architecture of multiple myeloma.
Nat Rev Cancer 2012; 12: 335–348.
14 Greipp PR, San Miguel J, Durie BGM, Crowley JJ, Barlogie B, Bladé J et al. Inter-
national staging system for multiple myeloma. J Clin Oncol 2005; 23: 3412–3420.
15 Rahbari R, Wuster A, Lindsay SJ, Hardwick RJ, Alexandrov LB, Turki Al S et al. Timing,
rates and spectra of human germline mutation. Nat Genet 2016; 48: 126–133.
This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International License. The images or
other third party material in this article are included in the article’s Creative Commons
license, unless indicatedotherwise in the credit line; if thematerial is not included under
the Creative Commons license, users will need to obtain permission from the license
holder to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/
© The Author(s) 2018
Supplementary Information accompanies this paper on the Leukemia website (http://www.nature.com/leu)
Letters to the Editor
1047
© 2018 Macmillan Publishers Limited, part of Springer Nature. Leukemia (2018) 1034 – 1051
